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The effects of landscape structure on wildlife populations have drawn more
attention from ecologists and wildlife managers as landscapes have rapidly changed 
worldwide.  The objectives of this study were to (1) conduct a statewide habitat 
suitability assessment for wild turkeys (Meleagris gallopavo) in Mississippi using
machine learning methods; (2) determine landscape-abundance relationships of wild 
turkeys at 2 spatial scales; and (3) measure genetic distinction of wild turkey populations 
in Mississippi.  I found that habitat suitability for wild turkeys was positively related to 
amount of forest cover.  Wild turkey relative abundance peaked at an optimal hardwood 
forest proportion of 0.29 and increased with enhanced landscape configuration at the
annual dispersal scale, supporting the landscape composition hypothesis.  Using
microsatellite analysis of 224 birds, I found 3 distinct genetic clusters in Mississippi; 
however, population genetic differentiation neither fit to the isolation by distance or 
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The effects of habitat distribution on a species have drawn more attention from 
ecologists and wildlife managers as landscapes have rapidly changed worldwide (Lande
et al. 2014).  Anthropogenic disturbances, such as deforestation or farming, alter the
composition and spatial configuration of landscapes, making a working knowledge of 
species-habitat relationships important for wildlife management.  Similarly, spatial 
variation in population genetic structure and habitat structure and suitability (e.g., barriers 
to dispersal) each play a significant role in determining the fate of a species across the 
landscape (Lande et al. 2014).  Therefore, it is essential to determine the optimal amount
of suitable habitat and landscape diversity necessary for management to ensure the 
persistence of species at desirable levels of abundance and with sufficient genetic
structure. 
Landscape heterogeneity, including landscape composition (e.g., proportion of 
cover and patch size) and spatial configuration (e.g., patch juxtaposition and isolation), is 
a major factor influencing wildlife population dynamics (Malanson and Cramer 1999).  
Large-bodied game birds, in particular, are highly sensitive to changes in landscapes (i.e.,
habitat loss and fragmentation) (Thornton et al. 2012).  For instance, the eastern wild 
turkey (Meleagris gallopavo, hereafter wild turkey) is an area-sensitive species, requiring



















McKinney 2013).  Wild turkeys are the largest Galliform native to North America, with 
high ecological, economical, and recreational values (Williams 2010).  At the turn of the 
20th century, significant declines in wild turkey populations occurred in the United States
of America (USA) due to habitat degradation and subsistence hunting (Davis 1949).  
Since 1941, there have been serious restoration efforts, including trapping and 
translocation programs, which have successfully increased populations and restored wild 
turkeys back into their historic range (Tapley et al. 2005).  However, in the southeast, 
wild turkey abundance has been declining, once again, since the 1990s (Byrne et al. 
2016).  The rapidly changing status of this species is shifting management needs from
range-wide restoration to a more broad-based strategy on sustainable management
(Vance et al. 2004).
The demography (i.e., fecundity, reproductive success, survival, and recruitment 
rates) of wild turkeys can change with varying environments, such as vegetation, climate, 
predators, and anthropogenic disturbances (Burgess et al. 2011).  Because of this, 
management units, in which demographically independent and isolated populations
reside, may require differing management strategies (Palsboll et al. 2007).  Wildlife
biologists and managers may need to: 1) prescribe region-specific habitat management 
plans to address potential differences in factors which influence populations (e.g., 
habitat); and 2) design harvest frameworks to match region-specific population 
influences.  In Mississippi, a statewide assessment of habitat suitability, landscape-
abundance relationships, and population genetic structure is needed to refine region-








The objectives of my study were to 1) develop a statewide habitat suitability map, 
2) explore relationships between landscape features and wild turkey abundance, and 3)
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HABITAT SUITABILITY ASSESSMENT OF EASTERN WILD TURKEYS IN 
MISSISSIPPI
Introduction
Spatial distribution of habitat influences the dynamics and distribution of wildlife
populations (Fuller 2012).  Habitat use depends on an animal’s ecological and 
physiological needs, as well as the resources available to it (Fretwell and Lucas 1970, 
Rosenzweig 1981).  The type of habitat where a species is successful exists within the 
bounds of their ecological niche, defined as the environmental conditions allowing
populations to persist and grow (Hutchinson 1957, Basille et al. 2008, Hirzel and Le Lay
2008).  Consequently, ecological niche theory is often used as a foundation for habitat 
suitability assessments (Guisan and Thuiller 2005, Hirzel and Le Lay 2008).  
Habitat suitability is the likelihood that a species uses a particular habitat 
(Kearney 2006, Wang et al. 2008).  Habitat suitability models (HSMs) relate landscape
variables to species occurrence (Hirzel and Le Lay 2008).  Habitat suitability modeling
has two general approaches: 1) models for presence-only (PO) data; and 2) models for
presence-absence data (Brotons et al. 2004, Pearce and Boyce 2006).  Although presence-
absence models are more accurate in predictions of occurrence, it is extremely
challenging to collect true absence data, particularly at large spatial scales (Cianfrani et 



















   
feasible for large-scale habitat suitability assessments (Brotons et al. 2004, Zimmermann 
et al. 2010).  Habitat suitability maps using PO data may also identify areas that have not 
been occupied by the focal taxa (Hirzel et al. 2002, Pearce and Boyce 2006). 
Ecological Niche Factor Analysis (ENFA) is a multivariate HSM for PO data 
(Hirzel et al. 2002).  Ecological Niche Factor Analysis uses ecogeographical variables 
(EGV), collected at presence locations, to quantify the multi-dimensional ecological 
characteristics of the occupied habitat.  Then, ENFA applies the multivariate profile to 
the entire landscape to generate a habitat suitability map to demonstrate how close the
local environment is to the species’ optimal habitat (Hirzel et al. 2002).  As a multivariate 
statistical approach, the ENFA method accounts for multicollinearity among EGVs and 
identifies primary EGVs, explaining spatial variation in habitat suitability (Hirzel et al. 
2002). 
Machine learning (ML) methods such as maximum entropy (MaxEnt) and random 
forest (RF) algorithms have been widely used to map wildlife habitat suitability with
impressive predictive accuracy (Phillips et al. 2006, Kampichler et al. 2010, Carrasco et 
al. 2014, Milanesi et al. 2015).  The RF algorithm first bootstraps a large number (e.g., 
10,000) of random samples from observations and then fits a classification or regression 
tree to each bootstrapped subsample (Brieman 2001).  A classification tree iteratively
partitions data into two subgroups at a selected value (node) of covariates n times to 
optimize the tree model fit.  The RF algorithm uses an ensemble approach to predict new 
data based on the majority of the votes among the trees (i.e., aggregation).  The RF
algorithm avoids overfitting and multicollinearity with a random subset of m explanatory

















aggregating votes) and randomness features, RF may reach a higher performance of 
habitat suitability modeling unmatched by other ML methods (Kampichler et al. 2010).  
Despite its high predictive power, RFs have not been used as an HSM as widely as the 
MaxEnt method.
MaxEnt models predict relative occurrence rate as a function of environmental 
variables at each grid cell of a landscape (Phillips et al. 2006, Merow et al. 2013).  In 
addition to observed occurrence locations, MaxEnt models use a large number of 
randomly selected pseudo-absence locations as background to quantify available 
resources (Elith et al. 2011, Merow et al. 2013).  The MaxEnt algorithm maximizes 
similarity between model predictions and prior expectations (e.g., uniform distributions 
in the Shannon entropy), and it minimizes differences in the mean and variance of 
landscape variables between observed training locations and expected occurrence (Elith 
et al. 2011, Merow et al. 2013).  Although MaxEnt methods are equivalent to Poisson 
point process models (Warton and Shepherd 2010), MaxEnt methods require
independence among habitat variables (Merow et al. 2013, Renner and Warton 2013).  
The MaxEnt algorithm has recently become a benchmarking approach to habitat 
suitability mapping (Elith et al. 2011).
Eastern wild turkey (Meleagris gallopavo; hereafter, wild turkey)  populations 
have exhibited spatiotemporal fluctuations in Mississippi (Butler et al. 2016).  These
birds select a variety of habitats but are most specifically associated with hardwood 
forests (Miller and Leopold 2000, McKinney 2013).  Habitat selection by the wild 
turkeys has been well studied at the population and within home-range levels (Martin 





















Thogmartin 2001, McKinney 2013).  Nevertheless, to the best of my knowledge, no 
studies have assessed habitat selection and suitability of wild turkeys at a substantially
large scale, such as the entire state of Mississippi.  The objective of my study was to 
develop a statewide habitat suitability map using presence data from spring harvest 
records, trapping records, and summer brood surveys to provide insight into wild turkey
management across the state.  I predicted that average HSI was positively related to the
proportion of forest cover within Mississippi (P1) and that average HSI was positively




My study was conducted in the state of Mississippi, USA.  Mississippi is divided 
into 5 wild turkey management regions: Northeast, Delta, East-Central, Southwest, and
Southeast (Figure 2.1) (MDWFP 2012).  The 5 regions vary in the proportion of forest 
covers from ca. 19% in the agriculture-dominant Delta region to ca. 60% in the East-
Central region (Table 2.1, Figure 2.1).  
The Northeast region consists of 21 counties in north-central and north-east
Mississippi and is primarily made up of oak-hickory and oak-pine forests (44%), with 
oak-hickory forests in the western portion of the region.  This forest type is dominated by
various oaks and hickories, as well as beech (Fagus grandifolia), black cherry (Prunus 
serotina), and yellow poplar (Liriodendron tulipifera). The oak-pine forest occurs in the 
eastern and central portions of the region and is comprised of about half upland oaks, 















The Delta region is the most unique region and is comprised of 10 counties that 
are primarily oak-gum-cypress forests (19%) and agricultural lands (1.6 million hectares) 
(Snipes et al. 2005).  This area can be divided into two main areas, the batture land, 
which is the area west of the Mississippi River levee, and the interior floodplain, which 
can be subjected to extensive flooding in the spring.  The batture land is primarily
sugarberry (Celtis laevigata), sycamore (Platanus occidentalis), cottonwood (Populus 
deltoids), sweetgum (Liquidambar styraciflua), elm (Ulmus spp.), and cypress (Taxodium 
spp.), whereas the interior Delta consists primarily of extensive agricultural areas with 
fragmented interspersed hardwood forests consisting of overcup oak (Quercus lyrata), 
Nuttall oak (Quercus nuttalli), water oak (Quercus nigra), green ash (Fraxinus 
pennsylvanica), sweetgum, and cottonwood.  
The East-Central region consists of 21 counties in east-central Mississippi and is 
comprised of two major forest types, loblolly-shortleaf pine forest and oak-pine mixed 
forest (60%).  The loblolly-shortleaf pine systems make up for more than 50% of the
commercial trees produced in this forest type (upland hardwoods making up the 
remaining forest) and occurs in the drier, sandy soils in the region.  The oak-pine mixed
forests are made up of oaks, as well as hickories, sweetgum, black gum, loblolly pines, 
and shortleaf pines. 
The Southwest region is made up of 12 counties in the southwestern portion of the
state, consisting of primarily oak-hickory forests (60%) and exists along the loess hills 
bordering the Mississippi River floodplain.  It is considered a narrow oak-pine forest 
transition adjacent to the loess hills, and loblolly-shortleaf pine forests, where each forest 





















   
The Southeast region consists of 18 counties in southeast Mississippi and is 
dominated by longleaf and slash pine forests (59%), including the pine flat woods on the 
coast and the rolling pine hills in the remaining part of the region.  Longleaf pines (Pinus 
palustris) and slash pines (Pinus elliottii) make up the majority of the forest community. 
The remainder of the forest contains dogwood (Cornus spp.), beech, magnolia (Magnolia 
grandiflora), and sweet bay (Magnolia virginiana) along water, and blackjack oak 
(Quercus marilandica), post oak (Quercus stellate), and southern red oak (Quercus 
falcata) in drier areas.
Habitat Data Preparation
I created 27 EGVs from the 2011 National Land Cover Database (NLCD) satellite 
imagery classified by the Multi-Resolution Land Characteristics Consortium
(http://www.mrlc.gov/).  Land cover and land use (LCLU) layers were derived from 15 
classes: open water, developed open space, developed low intensity, developed medium
intensity, developed high intensity, barren, hardwood forest, pine forest, mixed forest, 
shrub/scrub, grassland/herbaceous, pasture/hay, cultivated crops, woody wetland, and 
emergent herbaceous wetlands (Figure 2.2) (Fry et al. 2011).  I further combined barren 
with developed, hardwood forest with woody wetland, and grassland/herbaceous with 
pasture/hay to create 9 final LCLU classes.
The EGVs are 250-meter (250-m) spatial resolution raster maps, resampled from 
the original 30m NLCD.  Distance EGVs were generated using the program Biomapper 
module DistAn (Hirzel et al. 2002).  Raster layers for frequency and border density were
generated in a radius of seven 250m x 250m grid cells using circular analysis in the












    
 
 
    
  





for this study because it is equivalent to the average home range of wild turkeys in 
Mississippi (1,000 hectares) (Marable et al. 2012). Graf et al. (2005) found that the EGV
average over the annual home-range buffer had the best predictive performance  in the
grouse habitat suitability modeling compared to those on other spatial scales.  I used Box-
Cox transformation to normalize all EGVs for ENFA (Hirzel et al. 2002).  I used a
principal component analysis (PCA) of all 27 EGVs to generate 15 orthogonal principal 
components (PCs), which explained 90% of the total variability in the original 27 EGVs 
to remove multicollinearity for the MaxEnt model.  The PCs were generated using the 
geographic information system (GIS) software IDRISI 15.0 (Clark Labs, Worcester, 
Massachusetts, USA).
Presence Data
Presence data (n = 764) were gathered from the following sources: 1) Mississippi
Department of Wildlife, Fisheries, and Parks (MDWFP) wild turkey trapping data in 
January – February, 2009 and 2010 (n = 17) (Marable 2012); 2) location data from 
hunter-harvested turkeys (Chapter IV) in 2014 (n = 74) and 2015 (n = 92); 3) brood 
surveys conducted by MDWFP in 2014 (n = 288) and 2015 (n = 202); and 4) random
sightings across the state (n = 91).  To obtain data from hunter-harvested wild turkeys, 
turkey hunters recorded the geographic coordinates (longitude and latitude) of harvest
sites using a hand-held Global Positioning System (GPS) unit and reported these location 
data to the biologists.  MDWFP brood surveys were mainly conducted from roads, 
approximately 100 m – 150 m away from detected broods.  Geographic coordinates of 
detected broods were recorded using a hand-held GPS unit.  Impromptu sightings 















coordinates of other sighting locations were determined on a high-resolution (15m) 
Google Earth© Map (http://www.earth.google.com).  Possible location errors were less 
than the 250m resolution of the LCLU maps used in my study.  Additionally, frequency
and habitat border density EGVs were generated as averages within a 1,785-m buffer.  
Thus, the effects of possible location errors (<200m) were minimized with the spatial 
resolution of my EGV maps.
A total of 664 non-duplicated locations were used in the HSI mapping.  To reduce
spatial redundancy of presence locations, I randomly sampled 454 presence locations 
with distances between any pairs of locations greater than 2 kilometers (km) using the R 
package spThin (Aiello-Lammens et al. 2015).  These data were used as training data for
habitat suitability models.  Daily maximum movement distance of wild turkeys ranges 
from 1km to 2km (Marable 2012).  The remaining 210 presence locations were used as 
test data for ENFA, MaxEnt, and RF to evaluate predictive accuracy.
Habitat Suitability Models
Habitat suitability models can generate an HSI raster map to show spatial 
distribution of habitats (Pearce and Boyce 2006).  The HSI raster map has an HSI value 
(0 for lowest occurrence and 1 for highest) for each grid cell (or pixel) of the landscape.  
Different HSMs result in different predictive errors and even different spatial 
distributions of habitats (Milanesi et al. 2015).  Keinath et al. (2014) showed that MaxEnt 
and RF models made different predictions of the spatial occurrence of the pocket gopher, 
(Thomomys clusius), in Wyoming, USA.  Ensemble predictions integrating the results of 





















and New 2007).  Therefore, I averaged the results of ENFA, MaxEnt, and RF models to 
generate an ensemble prediction.
I conducted ENFA to illustrate the habitat selectivity of wild turkeys using the
function enfa in the R package adehabitatHS (Calenge 2006).  The enfa function 
produces a biplot of the marginality and specialization.  Marginality indicates selection 
with differences between available resources and the subset of available resources used 
by wild turkeys.  Specialization refers to specific resource use as measured with respect 
to the ratio of used resources over available resources (Hirzel et al. 2002).  The abscissa
of an EGV on the x-axis of the biplot indicates the selectivity of the EGV by wild 
turkeys, whereas the ordinate on the y-axis measures the specialization of an EGV in the 
ENFA biplot (Hirzel et al. 2002).  I generated a state suitability map using the median 
method (Hirzel et al. 2002). 
I applied RFs to the 27 EGVs to assess statewide habitat suitability of wild 
turkeys in Mississippi using the R package randomForest (Liaw and Wiener 2002).  I
used the default values of the parameter mtry (i.e., the number of randomly selected 
covariates) and 10,000 trees.  To generate pseudo-absence (i.e., background) locations for
both test and training datasets, I followed Hengl et al. (2009) to generate pseudo-absence
locations randomly using a composite weight of the ENFA-predicted HSI and gridded 
buffer distance to observed occurrence locations.  Consequently, pseudo-absence
locations were selected in the grid cell with low HSI and away from observed presence
locations.  I generated 454 background locations for the training data and 210 background













   
 
   
 
 




I applied MaxEnt to 15 orthogonal PCs to generate the habitat suitability map 
using the default parameter settings of the program MaxEnt (Phillips et al. 2006).  I used 
10,000 randomly generated pseudo-absence locations.  Instead of splitting the whole
dataset (454 presence locations + 10,000 background locations) into the training and test 
datasets, I used the same test dataset for RFs to evaluate the predictive performance of 
MaxEnt models.
Accuracy Assessment of HSI Models
I evaluated the predictive accuracy of ENFA, RF, MaxEnt, and ensemble
predictions using the same test data (210 presence and 210 background locations) using
area under the curve (AUC) from receiver operating curve (ROC) and the continuous 
Boyce index (CBI) (Johnson 1980, Hirzel et al. 2006, Liu et al. 2011).  The ROC is a
curve of true positive rate (i.e., sensitivity) against false positive rate (i.e., 1-specificity).  
The AUC ranges from 0 to 1, with 0.5 being equivalent to random predictions (Hilden 
1991).  Accuracy will be greater with a higher AUC (Liu et al. 2011).  The CBI is a 
Spearman correlation between the predicted-to-expected (P/E) ratio of the habitat 
suitability value and mean HSI, within a moving window over the HSI range (Hirzel et 
al. 2006).  The CBI ranges from -1 to 1, with 0 being equivalent to random predictions 
and a negative value indicating a wrong model (Hirzel et al. 2006). 
In a preliminary analysis, I built a region-specific HSM for each of the 5 wild 
turkey management regions using MaxEnt.  Average AUC of the 5 region-specific
models was not significantly different from the AUC of the statewide HSM (t = 2.053, p 
= 0.055).  Therefore, the remainder of my methods and results are described from the
























I regressed average regional HSIs on proportions of forests and hardwood forests
of 5 wild turkey management regions, respectively, to test the prediction P1 using linear
models (LMs).  I also extracted proportions of forests, proportions of hardwood forests, 
forest patch sizes, and interspersion and juxtaposition index (IJI) of 28 wildlife
management areas (WMAs), managed by the MDWFP, within a 16-km circular buffer 
placed at the centroid of each WMA.  The maximum annual dispersal distance of wild 
turkeys is about 16 km (Porter 1977, Hopkins et al. 1982).  The list and description of the
28 WMAs can be found in Chapter II.  The 28 WMAs had long-term records of turkey
harvests, indicating long-term habitat use by wild turkeys.  Proportions, patch sizes, and 
IJIs were computed using the 2011 NLCD and program FRAGSTATS (McGarigal et al. 
2012).  I also computed mean HSI within the 16-km buffer with the function extract in 
the R package raster for each WMA.  Then, I regressed average HSIs of 28 WMAs on the 
proportions of forests, proportions of hardwood forests, forest patch sizes, and IJIs to test 
the prediction P2 using LMs, with HSIs being normalized by the arcsine square root 
transformation.
Results
The ENFA model indicated that habitat occurrence of wild turkeys was positively
associated with proportions and edge densities of hardwood and pine forests (marginality
score > 0.25; Figure 2.3 and Table A.1).  Wild turkeys appeared to avoid agriculture and 
water (marginality score < -0.25; Figure 2.3 and Table A.1).  The AUC and CBI values of 
ENFA indicated fair or good accuracy of HSI predictions (Table 2.2).  MaxEnt and RF












   
 
 
performing MaxEnt (Table 2.2).  The ENFA and RF models predicted more continuous 
distributions of wild turkey habitats than the MaxEnt model (Figures 2.4-2.5).  
Nevertheless, all three models predicted that wild turkeys avoided water, agriculture, and 
developed areas (Figure 2.5).
The Delta region had the lowest average HSI, whereas the East-Central region 
had the highest HSI among the 5 regions (Table 2.2).  The average regional HSI was 
positively related to the proportion of forest cover but not to the proportion of hardwood 
forest (Figure 2.6).  The average HSI of the WMAs within a 16-km buffer was positively
related to the proportion of forests (Figure 2.7a), quadratically related to the proportion of 
hardwood forests (Figure 2.7b), positively related to forest interspersion and juxtaposition 
index (Figure 2.7c), and quadratically related to forest patch size (Figure 2.7d).
Discussion
This study provides insight into the effects of landscape configurations on wild 
turkey habitat selection.  Specifically, I found that wild turkeys are more likely to occur 
in forested areas bordering other land cover types than in homogenous forests (Table A.1; 
Figures 2.6a and 2.7c).  Furthermore, my results indicate that the presence of diverse land 
covers, excluding water bodies and agricultural lands, arranged in proximity to one 
another, enhance habitat suitability for wild turkeys (Figures 2.3 and 2.7c).  Association 
of wild turkeys with forest cover types has previously been recognized (Phalen 1986, 
Godwin et al. 1992, Palmer et al. 1996, Chamberlain et al. 2000, Thogmartin 2001, 
Miller and Conner 2005, McKinney 2013).  During the nesting season, females typically
associate with plantations or hardwood forested habitats (Miller et al. 1999b, Miller and 

















However, HSIs declined when forests had >25% hardwood or >200-hectare patch sizes 
(Figures 2.7b and 2.7d). Wild turkeys also need agricultural fields, pastures, and forest 
openings for courtship and brood rearing (Speake et al. 1975, Hurst 1988, Hurst and 
Dickson 1992).  Therefore, at a landscape level, multiple land covers in proximity and 
certain levels of fragmentation may benefit wild turkeys (Glennon and Porter 1999).
Animals use or select resources and habitats for survival and reproduction 
(Fretwell and Lucas 1970, Rosenzweig 1981).  Animals may select habitat differently
within the species range, operating at several hierarchical levels: species (level I), 
population (level II), and individual’s home range (levels III-IV) (Johnson 1980).  Within 
my study, wild turkeys avoided water, agriculture, and developed areas on landscape
scales (Figure 2.1, Table A.1).  Although, wild turkeys have also been shown to avoid 
developed areas and water at the fine scale; nevertheless, they do utilize agriculture
within their home ranges (McKinney 2013).  Braunisch and Suchant (2007) found that 
forest-dwelling capercaillie (Tetrao urogallus) avoid agriculture on the landscape scale; 
however, they noted that small forest openings and small fields may have positive
influences on capercaillie.  Similarly, smaller agricultural fields within wild turkey home
ranges may be beneficial because it provides foraging habitats.  Yet, at the regional scale, 
agriculturally dominated landscapes lack important wild turkey habitat components, 
resulting in low average habitat suitability, which I found in the Mississippi Delta region 
(Table 2.2, Figures 2.4-2.5).  Although the Delta region had a similar amount of 
hardwood forest as the Southeast region, the average HSI of the Delta region was over 













and anthropogenic developed lands likely have inadequate forest cover, reducing the 
suitability of these landscapes as wild turkey habitat. 
Ecological Niche Factor Analysis, MaxEnt, and RF all predicted similar general 
patterns of wild turkey habitat distributions in Mississippi (Figure 2.5).  For instance, the 
region dominated by agriculture (e.g., the Delta region), grasslands, such as the Black 
Prairie belt, and urban or developed areas had less suitable wild turkey habitats compared 
to the forested regions in Mississippi.  Likewise, all methods predicted that at large
spatial scales, wild turkeys selected for hardwood, pine, and mixed forests, consistent 
with other studies conducted at finer spatial scales (Miller and Leopold 2000, Miller and 
Conner 2007, McKinney 2013).  Nevertheless, ENFA and RF predicted more continuous 
habitats than MaxEnt models (Figure 2.5).  Ecological Niche Factor Analysis does not 
use absence locations; therefore, ENFA predictions may not be restricted by pseudo-
absence locations like in the framework of generalized linear and MaxEnt models 
(Brotons et al. 2004).  On the other hand, the MaxEnt predictions captured isolated 
suitable habitats in the batture land west of the Mississippi River and along the river 
drainages (the upper right panel of Figure 2.5).  Integration of multiple HSMs into habitat 
suitability assessments may improve the robustness of HS predictions.
Management Implications
Understanding spatial distributions of habitats is indispensable to management 
and conservation planning of wildlife populations (De Knegt et al. 2011, Winder et al. 
2015).  My results show that the distribution of wild turkey habitats differed among the 5 
management regions in Mississippi.  My results supported my predictions that HSIs were






















     
     
     
     
     
 
  
annual dispersal range) scales like other forest-dwelling birds (Graf et al. 2005).  When 
managing to maintain or increase habitat suitability for wild turkeys, landowners can 
have a diverse mosaic of land cover types, such as forest and small forest openings or 
fields, which wild turkeys can benefit from throughout all seasons.  
I also recommend region-specific management, as defined in my study.  Spatial 
distribution of key habitats varies within each region, resulting in differing life strategies 
for wild turkeys.  For example, the Delta region has very low suitability compared to the
Southwest region.  The best way to improve suitability in the Delta is to reduce the 
hostility of the landscape.  The landscape of the Mississippi Delta is dominated by
agriculture.  By adding more diverse land cover types, such as planting more trees or 
creating forested corridors, wild turkeys are more likely to inhabit this region.
Tables and Figures
Table 2.1 Average habitat suitability index (HSI), proportion of forests, and 












Delta 0.257 0.165 0.194 0.192
Northeast 0.521 0.180 0.436 0.281
Southeast 0.586 0.158 0.585 0.214
Southwest 0.573 0.168 0.599 0.346






     
     
     




   
 
Table 2.2 The area under curve (AUC) and continuous Boyce index (CBI) of four
habitat suitability models of wild turkeys in Mississippi, USA.
Validation ENFA MaxEnt RF Ensemble
AUC 0.861 0.917 0.947 0.956
CBI 0.573 0.993 0.993 0.953
Threshold 0.357 0.371 0.608 0.536
The four methods are Ecological Niche Factor Analysis (ENFA), Maximum Entropy
(MaxEnt), random forest (RF), and ensemble.
Figure 2.1 Location map of 5 wild turkey management regions created by Mississippi








Figure 2.2 Land cover land use (LCLU) map of Mississippi, USA from the 2011 
National Land Cover Database (NLCD), including wild turkey







   
 
  
Figure 2.3 Biplot of Ecological Niche Factor Analysis (ENFA) of wild turkey habitat 
suitability in Mississippi, USA.
The horizontal axis (xax) represents marginality and the vertical axis (yax) represents 
specialization.  The inner polygon depicts the subspace used by wild turkeys, and the 









Figure 2.4 Habitat suitability maps of wild turkeys in Mississippi, USA.
HSMs predicted by Ecological Niche Factor Analysis (ENFA) (upper left panel), 
Maximum Entropy (MaxEnt) (upper right panel), random forest (Random_Forest) (lower 









Figure 2.5 Boolean maps of suitable wild turkey habitats in Mississippi, USA.
Boolean maps predicted by Ecological Niche Factor Analysis (ENFA) (upper left panel), 
Maximum Entropy (MaxEnt) (upper right panel), random forest (Random_Forest) (lower 
right panel), and ensemble methods (lower right panel).  Green color represents suitable 
areas above a habitat suitability index (HSI) threshold determined by maximizing the sum 






   
 
  
Figure 2.6 Relationships between average regional habitat suitability index (HSI) and 
proportions of forests (a), and proportions of hardwood forests (b) of 5 wild 










Figure 2.7 Relationships between landscape variables and wild turkey abundance at 
annual dispersal range in Mississippi USA.
Variables include average habitat suitability index (HSI) and proportion of forests (a), 
proportion of hardwood forests (b), landscape interspersion and juxtaposition index (IJI, 
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LANDSCAPE-ABUNDANCE RELATIONSHIPS OF EASTERN WILD TURKEYS IN 
MISSISSIPPI
Introduction
The effects of habitat distribution and fragmentation on a species have drawn 
increasing attention from ecologists and wildlife managers as landscapes have rapidly
changed worldwide (Lande et al. 2014).  Landscape structure and heterogeneity shapes 
avian community structure and population dynamics, creating the landscape-abundance
relationship (Malanson and Cramer 1999, Fahrig et al. 2011). For instance, Betts et al. 
(2006) found that composition of a landscape affected occurrence of ovenbirds (Seiurus
aurocapilla) and Blackburnian warblers (Dendroica fusca). Patch shape and isolate on 
were the best predictors of the effect of fragmentation on forest bird abundance in 
southern Chile (Magrach et al. 2011).  Furthermore, the effects of habitat loss can be
intensified by the effect of patch configuration.  Therefore, landscape-scale habitat 
evaluations can be beneficial in monitoring trends of species abundance and habitat 
conditions (Glennon and Porter 1999, Goetz and Porter 2007).
Habitat loss results in a change in the amount and composition (i.e., habitat and 
matrix types), whereas habitat fragmentation is mainly a change in configuration and size
of habitat patches (Sauder and Rachlow 2014).  Landscape fragmentation is currently one















2014); however, the effects of habitat loss and fragmentation are often synergetic (Fahrig
2003).  The landscape fragmentation hypothesis suggests fragmentation and edge reduce
populations linearly due to increases in predation risk, reduction in food, or decreases in 
dispersal and ecological connectivity, independent of the effects of habitat loss (Betts et 
al. 2006).  Edge effects on avian demographics may result in declines in population size
or abundance (Lampila et al. 2005).  Nevertheless, empirical evidence shows that habitat 
fragmentation may either increase or decrease animal population abundances, partially
depending on life history strategies (Fahrig 2003, Ewers and Didham 2006). 
Landscape heterogeneity includes landscape composition (e.g., types and 
proportions of habitats and matrices and sizes of habitat patches) and spatial 
configuration (e.g., patch juxtaposition and isolation), which are both major factors 
influencing habitat suitability for wildlife and wildlife population dynamics (Malanson 
and Cramer 1999).  Related to this concept, the landscape composition hypothesis posits 
habitat quantity at spatial scales larger than the individual territory would influence
species abundance (Betts et al. 2006).  For example, Lande et al. (2014) found a positive
relationship between adult density and amount of habitat of black grouse (Tetrao tetrix) 
and capercaillie (Tetrao urogallus) in Norway.  These two birds depend on different 
forest types throughout their life cycles, further emphasizing that habitat diversity is 
important for population abundance (Lande et al. 2014).  Therefore, habitat amount is 
highly significant in direct relation to avian abundance, whereas the effects of habitat 



















   
Large-bodied game birds, in particular, can be highly sensitive to habitat loss and 
fragmentation (Thornton et al. 2012).  Thornton et al. (2012) found that ocellated turkeys
(Meleagris ocellata) were often rare or absent in remnant forest patches and therefore, 
more vulnerable to habitat loss in Guatemala.  The Eastern wild turkey (Meleagris 
gallopavo; hereafter, wild turkey), the largest Galliform native to North America, has 
experienced landscape fragmentation and habitat loss across much of its range (Tapley et 
al. 2005).  Wild turkeys are primarily forest dwellers and an area-sensitive species 
(Boulinier et al. 1998); therefore, local habitat or forest fragmentation may greatly affect 
wild turkey dispersal, which, in turn, can have major implications for local population 
abundance and long-term species viability (Castillo et al. 2014).  Landscape
fragmentation metrics, such as patch density, edge density, and patch isolation (e.g., 
distances to nearest patch), could potentially affect wild turkey population abundance
(Glennon and Porter 1999, McGarigal et al. 2012, Villard and Metzger 2014).  
Abundance of wild turkey in the Southeastern United States (US) has declined since the 
1990s (Byrne et al. 2016); however, the role of the changing habitat, such as habitat 
distribution and fragmentation, is unclear in wild turkey population declines.
The objective of this study was to determine landscape-abundance relationships of 
wild turkeys in Mississippi.  I tested two hypotheses: (1) the landscape fragmentation 
hypothesis, which predicts that increases in habitat fragmentation (e.g., patch density, 
edge density, and mean distance to the nearest neighboring patches) would reduce wild 
turkey populations linearly; and (2) the landscape composition hypothesis, which predicts 
that habitat quantity and composition (e.g., proportion and diversity of habitats) at larger 



















et al. 2006).  I predicted that abundance of wild turkeys had a positive correlation with
proportion of hardwood habitat, forest patch size, habitat diversity index, and proportion 
of forest cover.  Habitat amounts may exhibit nonlinear effects on animal abundance
(Fahrig 2003, Betts et al. 2006); thus, I also tested whether the abundance of wild turkeys 
were nonlinearly related to proportions of hardwood forests.  This work evaluates the 
effects of complex landscapes on wild turkey abundance to provide insight into wild 




I used 28 wildlife management areas (WMAs) across Mississippi that had 4 or 5 
years of harvest records from 2000 to 2005 (Figure 3.1).  The 28 WMAs ranged from 
7,350 hectares to 92,200 hectares in size and were located within the 5 wild turkey
management regions: Northeast (6 WMAs), Delta (5 WMAs), East-Central (6 WMAs), 
Southwest (3 WMAs), and Southeast (8 WMAs) regions (Table 3.1, Figure 3.1)
Relative Abundance Index
The number of harvested wild turkeys per hunter day, a capture per unit effort 
(CPUE), has been shown to provide a reasonable relative abundance index (RAI) of wild 
turkeys in central Mississippi (Lint 1990).  The CPUE-based RAI was correlated with the
capture-recapture estimate (correlation coefficient r = 0.59, p = 0.07, n = 6).  Therefore, I
calculated the RAI as the number of wild turkeys harvested divided by the number of 


















    
 
average across 5 years to reduce the effects of annual variation in wild turkey harvests
(Goetz and Porter 2007).
Landscape Variables
I derived landscape variables using 2001 and 2006 National Land Cover Database
(NLCD) satellite imagery classified by the Multi-Resolution Land Characteristics 
Consortium (http://www.mrlc.gov/).  The 2001 NLCD was developed based on LandSat 
images from 2000, and the 2006 NLCD was based on LandSat images collected between 
2000 and 2006, both at 30m spatial resolution (Homer et al. 2007, Fry et al. 2011).  The
land cover and land use (LCLU) layers were classified into 15 classes: open water, 
developed open space, developed low intensity, developed medium intensity, developed 
high intensity, barren land, hardwood forest, pine forest, mixed forest, shrub/scrub, 
grassland/herbaceous, pasture/hay, cultivated crops, woody wetlands, and emergent 
herbaceous wetlands (Homer et al. 2007, Fry et al. 2011). 
I derived landscape variables at two spatial scales: the annual dispersal distance
and the annual home range of wild turkeys.  I created a 16 kilometer (km) circular buffer 
centered on the centroid of each WMA using ArcGIS v10.2, a geographical information 
system (GIS, Environmental Systems Research Institute, Redlands, California, USA), 
based on the annual dispersal distance of 16 km (Porter 1977, Hopkins et al. 1982).  I also 
created five 2.15-km circular buffers for each WMA, with each equivalent to the average
annual home range size for wild turkeys in Mississippi (1,459.9 hectares or 14.59 sq km) 
(Phalen 1986, Godwin 1991, Chamberlain 1995, Miller and Conner 2005, Marable 2012).  
I placed one 2.15-km buffer on the centroid of the 16-km buffer and the other four 2.15-



















   
  
 
3.2).  Using the clip tool in ArcGIS, I clipped the NLCD raster images to one 16-km and 
five 2.15-km buffers for each WMA.
I used FRAGSTATS 4.2 to calculate two categories of habitat metrics: class and 
landscape (McGarigal et al. 2012).  The class level metrics measured the fragmentation 
and spatial configuration of forest (i.e., pine, hardwood, mixed, and woody wetland 
combined) and hardwood forests (i.e., hardwood forest and woody wetland combined).  
Landscape-level metrics were calculated with all LCLU classes to measure the overall
fragmentation, diversity, and heterogeneity of the landscape (McGarigal et al. 2001).  For 
each WMA, I computed patch density (PD), edge density (ED), and Euclidean nearest 
neighbor (ENN) to measure the level of fragmentation.  I used the Shannon diversity
index (SHDI) and the interspersion and juxtaposition index (IJI) to measure
configuration, and percentage of forests and hardwood forests (PLAND) to measure the 
composition and relative amount of habitat because wild turkeys primarily select 
hardwood or forest covers in Mississippi (Miller et al. 1999, Chamberlain and Leopold 
2000, McKinney 2013).  I calculated the mean of each metric over five 2.15-km buffers 
as the home range scale landscape metrics for each WMA.  I averaged landscape metrics 
over NLCD 2001 and NLCD 2006 in the analysis of landscape-abundance relationships. 
Statistical Analysis
I built linear models (LMs) to examine relationships between RAI for wild turkey
and landscape metrics.  Many landscape metrics generated by FRAGSTATS are highly
correlated with each other (Fahrig 2003).  To remove this risk and eliminate redundant 
landscape metrics and multicollinearity, two variables with a Pearson’s product-moment 








   
 
  
   






   
   
 
  
LMs for each landscape metric, and then I used forward stepwise variable selection to 
build complex LMs with two or more uncorrelated covariates.  I built generalized 
additive models (GAMs) to test for nonlinear landscape-abundance relationships using
the R package mgcv  (Hastie and Tibshirani 1986, Wood and Augustin 2002).  I accepted 
the model at the significance level of 0.05 (p < 0.05).  I performed all statistical analyses 
in the R 3.0.2 environment (R Development Core Team 2013).
Results
At the landscape scale, with all land cover classes combined, the LM including IJI
was significant (p = 0.040, R2 = 0.153, Figure 3.3, Table 3.2).  At the forest class level, 
the model with an IJI term was significant as well (p ≤ 0.001, R2 = 0.387; Table 3.3).  
With only hardwood forests considered, wild turkey relative abundance was positively
related to ED (p = 0.007, R2 = 0.245) or PD (p = 0.047, R2 = 0.143) at the annual 
dispersal distance (Figure 3.4, Appendix Table B.1).  The percentage of hardwood forest 
in the landscape (PLAND) had a significant nonlinear relationship with wild turkey
abundance at the large spatial scale in GAMs, with wild turkey relative abundance
peaking at an optimal hardwood forest proportion of 0.29 (Figure 3.5).
At the home-range scale, no significant relationships existed between landscape
metrics and relative abundance at the landscape level (Table 3.2).  At the forested class 
level, the model including IJI was significant (p = 0.015, R2 = 0.209; Table 3.3).  Relative 
abundance was positively related to hardwood ED (p = 0.001, R2 = 0.333; Appendix
Table B.1).  The ED and PD were not highly correlated with PLAND (Pearson 
correlation = 0.23 for ED and -0.23 for PD).  Catch per unit effort was positively related 






















PLAND (p =0.024) and ED (p = 0.003, R2 = 0.458).  The PLAND had a significant 
nonlinear relationship with wild turkey abundance at the home range scale as well as in 
GAMs, with wild turkey relative abundance peaking at an optimal hardwood forest 
proportion of 0.39 (Figure 3.6).
Discussion
My results demonstrate that wild turkey relative abundance was affected by
landscape fragmentation at both large and small spatial scales.  Diverse land covers in 
proximity enhanced wild turkey relative abundance. Additionally, wild turkey relative 
abundance varied with increasing amounts of hardwood forest on the landscape.  
Therefore, my findings support the landscape composition hypothesis.  The association of
wild turkeys with forests, more specifically hardwood forests, has been recognized 
(Phalen 1986, Godwin et al. 1992, Palmer et al. 1996, Chamberlain et al. 2000, 
Thogmartin 2001, Miller and Conner 2005, McKinney 2013).  Conversely, my findings 
were inconsistent with the prediction of the landscape fragmentation hypothesis, with the
positive relationship between relative abundance and hardwood edge density at both large
and small spatial scales.  The spatial configuration of forest habitats plays an important 
role in influencing the distribution and relative abundance of forest birds, including wild 
turkeys at a landscape scale (Andren 1994, Fahrig 2013, Villard and Metzger 2014).  
Landscape structure influences animal species diversity and animal abundance
(MacArthur 1964).  Juxtaposition of different habitat types in the vicinity may increase
species diversity (Leopold 1933).  Greater values of landscape IJI represent more even 
interspersion of different patch types in a landscape (McGarigal et al. 2012).  Positive 






















both spatial scales may suggest that wild turkeys require differing patch types throughout 
their annual life cycle (Dunning et al. 1992).  Wild turkeys are known to use forests and 
open habitats (i.e., fields, pastures, or forest openings) during the breeding season (Hurst 
1988), upland forest areas for nesting (Seiss et al. 1990, Miller 1997), forests, fields, 
thinned or burned pine stands, or streamside management zones for brooding (Phalen 
1986, Godwin et al. 1992, Palmer et al. 1996, Miller and Conner 2005), and a variety of 
habitat types such as upland forests, intensively managed pine forests, bottomland forests, 
pastures and agricultural fields, and streamside management zones during non-nesting
seasons (Godwin et al. 1992, Miller et al. 1999, Chamberlain et al. 2000, McKinney
2013).  Therefore, the spatial arrangement of diverse habitats in landscapes with high 
interspersion may meet different habitat requirements during an annual cycle and 
enhance wild turkey abundance.
Landscape or habitat fragmentation may impose either positive or negative
impacts on animal abundance (Pimm and Askins 1995, Fahrig 2003, Ewers and Didham 
2006).  Wild turkey abundance was related to hardwood fragmentation but was not
related to overall landscape or forest fragmentation (e.g., the edge density of landscape or 
forest).  Additionally, positive correlation between wild turkey abundance and hardwood 
forest fragmentation is contrary to the prediction of the landscape fragmentation 
hypothesis.  Glennon and Porter (1999) also found wild turkey abundance was positively
related to habitat fragmentation.  Nearly 50% of earlier studies have found the positive
effects of habitat fragmentation on animal abundances (Fahrig 2003).  Animals with 
different life history traits (e.g., high vs. low mobility and habitat generalist vs. specialist) 


















turkeys are mobile and are habitat generalists (Marable et al. 2012, McKinney 2013).  
Habitat fragmentation or increases in edge density may not create dispersal barriers to 
wild turkeys due to their high mobility.  Fleming and Porter (2007) found that the
abundance of edge habitats due to the interspersion of forest and fields from 
fragmentation actually facilitated wild turkey dispersal in New York, despite 
anthropogenic barriers (i.e., roads and agricultural fields).  A landscape with >29%
hardwood forests may not meet multiple habitat requirements of wild turkeys due to 
reduced habitat diversity, resulting in decreases in relative abundances.  Therefore, 
fragmentation of hardwood forests with sufficiently suitable, diverse habitats in 
proximity may benefit wild turkey populations.
Management Implications
My findings have two important implications of wild turkey management.  First, 
habitat quantity needs to be evaluated at a large spatial scale, such as the annual dispersal 
range in conjunction with the spatial configuration of habitats.  Second, hardwood forests
are a critical component of wild turkey habitat in Mississippi.  At large spatial scale, 29%
of the landscape should be hardwood, yielding the optimum wild turkey relative
abundance.  For instance, at the annual dispersal distance (an 80,000-hectare tract of 
land), about 23,000 hectares should be hardwood forests.  At the home range scale (about 
1,500 hectares), 39% of the landscape should be hardwood, or about 570 hectares.  
Second, a certain degree of forest fragmentation increases wild turkey abundance.  
Managing for interspersion of forests, especially hardwood forests is crucial when 














   
 
 
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      





types increases edge and heterogeneity and suitability of habitat for wild turkeys, 
providing important brooding, feeding, and nesting habitats.
Tables and Figures
Table 3.1 Size, management region, main vegetation type within a 16-km radius, and 










Bienville 108 10,830 EC Pine 2000-2005
Calhoun County 36 35,510 NE Hardwood 2000-2005
Caney Creek 115 11,510 EC Pine 2000-2005
Chickasaw 108 10,840 NE Pasture 2000-2005
Chickasawhay 118 11,750 SE Pine 2000-2005
Choctaw 87 86,910 EC Hardwood 2000-2005
Copiah 27 26,670 SW Pine 2000-2004
Divide Section 65 65,340 NE Hardwood 2000-2005
John Bell Williams 11 10,730 NE Hardwood 2000-2005
John W. Starr 33 33,460 EC WoodyWet 2000-2005
Leaf River 168 16,760 SE Pine 2000-2005
Leroy Percy 7 7,350 Delta Crop 2000-2005
Little Biloxi 58 58,340 SE Pine 2000-2005
Malmaison 35 34,540 NE Crop 2000-2005
Marion County 30 29,710 SE Pine 2000-2005
Okatibbee 27 26,950 EC Hardwood 2000-2005
O'Keefe 26 25,780 Delta Crop 2000-2005
Old River 60 59,780 SE WoodyWet 2000-2005
Pascagoula 152 15,190 SE WoodyWet 2000-2005
Pearl River 28 28,220 SW Pasture 2001-2005
Red Creek 92 92,200 SE Pine 2000-2005
Sandy Creek 69 68,730 SW Hardwood 2000-2005
Shipland 20 19,650 Delta Crop 2000-2005
Stoneville 11 10,660 Delta Crop 2000-2004
Sunflower 252 25,220 Delta Crop 2000-2005
Tallahala 111 11,140 EC Pine 2000-2005
Upper Sardis 193 19,320 NE Hardwood 2000-2005
Wolf River 42 41,690 SE Pine 2000-2005
sq km = square kilometer
ha = hectares
Regions = East-Central (EC), Northeast (NE), Southeast (SE), Southwest (SW)






   
       
       
       
       
       







    
   
 
 
   
      
 
 
       
       
       
       
       








   
Table 3.2 Linear models of landscape-wild turkey abundance relationships on 
landscape levels at two spatial scales on 28 wildlife management areas, 
Mississippi, USA.






CPUE~PD 0.041 0.001 0.302 0.025 0.001 0.417
CPUE~ED 0.019 0.000 0.482 0.010 0.000 0.607
CPUE~ENN_MN 0.023 0.000 0.436 0.014 0.000 0.542
CPUE~IJI 0.153 0.001 0.040 0.109 0.001 0.087
CPUE~SHDI 0.116 0.017 0.076 0.037 0.001 0.324
Notes:
CPUE = catch per unit effort
PD = patch density
ED = edge density
ENN_MN = mean Euclidean nearest neighbor
IJI = interspersion and juxtaposition index
SHDI = Shannon diversity index
Table 3.3 Linear models of forest class landscape-wild turkey abundance
relationships at two spatial scales on 28 wildlife management areas in 
Mississippi, USA.






CPUE~PD 0.068 0.001 0.181 0.039 0.001 0.313
CPUE~ED 0.019 0.000 0.481 0.014 0.000 0.556
CPUE~ENN_MN 0.023 0.000 0.440 0.014 0.000 0.555
CPUE~IJI 0.387 0.001 0.000 0.209 0.001 0.015
CPUE~PLAND 0.033 0.000 0.355 0.015 0.000 0.531
CPUE~SHDI 0.118 0.016 0.073 0.049 0.011 0.258
Notes:
CPUE = catch per unit effort  
PD = patch density
ED = edge density
ENN_MN = mean Euclidean nearest neighbor
IJI = interspersion and juxtaposition index
PLAND = percentage of land cover







Figure 3.1 Location map of 28 wildlife management areas, Mississippi, USA.
The boundaries, created by Mississippi Department of Wildlife, Fisheries, and Parks, 















Figure 3.2 Schematic of 5 home range (2.15 km) scale buffers for a wildlife
management area (WMA).
The outer circle is a 16 km buffer representing the dispersal range of wild turkeys.  The
polygon is the boundary of a WMA.
Figure 3.3 Relationships between wild turkey abundance and landscape interspersion 
and juxtaposition index at annual dispersal distance scale.
There exists a positive relationships between wild turkey abundance (CPUE = catch per 
unit effort) and landscape interspersion and juxtaposition index (IJI) on the 28 wildlife









Figure 3.4 Relationships between wild turkey abundance (CPUE = catch per unit 
effort) and hardwood forest fragmentation in Mississippi, USA.
Positive relationships between CPUE and hardwood total edge (TE), hardwood edge
density (ED), landscape shape index (LSI), and hardwood patch density (PD) at annual 













Figure 3.5 Nonlinear relationship between proportion of hardwood forest and wild 
turkey abundance at the annual dispersal distance scale in 28 wildlife
management areas, Mississippi, USA.
Figure 3.6 Nonlinear relationship between proportion of hardwood forest and wild 
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POPULATION GENETIC STRUCTURE OF EASTERN WILD TURKEYS IN 
MISSISSIPPI
Introduction
Population genetic structuring exists in most, if not all, species.  Environmental 
barriers, landscape structures, ecological conditions, and dispersal or movement may
shape the genetic structure of a population (Balloux and Lugon-Moulin 2002).  Restricted 
dispersal not only influences local population abundance, but also reduces gene flow and 
genetic diversity among local populations, dividing population genetic structure
(Freckleton et al. 2005).  Dispersal can be limited by landscape fragmentation, 
anthropogenic habitat destruction, or unsuitable habitats, which are all resistant to animal 
movements (Malanson and Cramer 1999, Storfer et al. 2007).  Loss of genetic diversity
in small, isolated populations may lead to a reduction in population viability (Lacy 1997, 
Boyce et al. 2002).  Therefore, understanding spatial structure of a population, dispersal 
(or gene flow), and genetic differentiations of populations across a landscape is 
particularly important to reduce or reverse a population decline (Hampton et al. 2004).  
Concurrently, knowledge of landscape effects on population genetic structure may
provide insight into management strategies (Balloux and Lugon-Moulin 2002).  
Landscape genetics uses landscape structure and ecology to explain population 





   















(IBD), isolation by resistance (IBR), and isolation by colonization (IBC) models have
been proposed to explain population genetic differentiations in a landscape. The IBD 
model states that geographic distances may isolate populations, reduce gene flow
between populations, and differentiate populations genetically if genetic drift reaches 
equilibrium with dispersal (Wright 1943, Sexton et al. 2014).  When a species’ 
geographical distribution expands beyond an individual’s dispersal capacity, populations 
will be genetically different (Balloux and Lugon-Moulin 2002).  Isolation by distance
predicts that genetic differentiation would increase with increasing geographic distances 
between populations.  However, this type of analysis assumes homogeneous, unbounded 
populations and does not take into account ecological or habitat conditions (McRae
2006).  Alternatively, the IBR model uses the resistance distance to quantify the 
connectivity of all movement pathways between populations (McRae 2006). Isolation by
resistance can incorporate landscape structure and habitat conditions when estimating the
resistance distance and integrates population genetics and landscape ecology to reliably
predict how the landscape will affect gene flow and genetic structure (McRae and Beier 
2007, McRae et al. 2008). 
Populations may not differ along a geographic or resistance distance due to
reduced gene flow as predicted by the IBD or IBR models.  Multiple genetic clusters or
lineages may coexist in a population or within a region with a spatially patchy
distribution of genetic clusters (Richardson et al. 2014).  Genetic relatedness between 
individuals within a patch is greater than that of individuals between patches (Richardson 
et al. 2014).  A possible cause of the patchy genetic differentiation is colonization history.  




   
   
  
 










effects (i.e., genetic divergence from the parent population over generations) and 
localized dispersal would result in a spatially patchy genetic differentiation within a
population or a region, leading to a pattern of isolation by colonization (Spurgin et al. 
2014).  The IBC model predicts an inverse distance-relatedness correlogram, where
genetic relatedness or similarity decreases with increasing distance and becomes zero 
beyond a maximum effective dispersal distance.  In the IBC model, genetic differences 
between populations primarily reflect colonization history, rather than contemporary
patterns of gene flow on a landscape.
Population genetic theory assumes that each genetically differentiated population 
or subpopulation meets the Hardy-Weinberg (HW) equilibrium and linkage equilibrium
(LE) (Hartl 1988).  Under the HW equilibrium, genotype frequencies of a population 
follow a predictable pattern, remaining constant from generation to generation (Freeland 
et al. 2011).  It operates under 8 assumptions: 1) the organism in question is diploid, 2) 
reproduction is sexual, 3) generations are non-overlapping, 4) mating is random, 5) 
population size is very large, 6) migration is negligible, 7) mutation can be ignored, and
8) natural selection does not affect the alleles under consideration (Hartl 1988).  In LE, 
the distributions of allele frequencies are independent among loci.  Linkage
disequilibrium can be caused through natural selection, mutation, random drift, and gene
flow (Hartl 1988). 
Landscape genetics analyses use landscape ecology, spatial statistics, and 
population genetics tools to identify potential barriers to gene flow, evaluate the effects of 
management alternatives on genetic variation, and identify movement corridors (Storfer 











flow in a heterogeneous landscape (McRae 2006, McRae and Beier 2007).  The analogy
between electrical and genetic connectivity is that multiple or wider conductors allow for 
more electrical current flow than single, more narrow conductors.  Ecologically, multiple 
or wider habitat corridors or dispersal paths will result in a greater likelihood of increased 
gene flow across the landscape (McRae 2006, McRae and Beier 2007).  
Microsatellites, or short tandem repeats (STRs), are one of the most popular, 
powerful DNA markers for measuring genetic diversity and identifying population 
genetic structure or differentiation (Li et al. 2002).  STRs are widely used for their 
numerous advantages (e.g., high level of polymorphism and codominant mode of 
inheritance; Huang et al. 1998).  Microsatellites are neutral DNA markers, which do not 
contain any genetic functioning sequences; therefore, microsatellites are particularly
useful to studies of population genetic differentiation.
Many studies have shown genetic subdivisions of wild turkeys in other states in 
the United States of America (USA).  Seidel et al. (2013) used microsatellite analysis to 
assess the current genetic structure of wild turkeys in East Texas and found that wild 
turkeys were distributed in 3 geographic genetic divisions across 24 counties (of 4 
ecoregions).  A statewide study conducted in Kansas revealed distinct geographic zones 
where wild turkey subspecies exist alone and where subspecies hybridize, prompting the 
need for different wild turkey management units (Latch et al. 2006a).  A management 
unit is defined as a demographically independent or isolated population, probably with a 
high level of genetic differentiation (Hampton et al. 2004, Palsboll et al. 2007).  
However, no studies of population genetics of wild turkeys have been conducted in 

















   
  




the different regions of Mississippi, which may justify the region-specific management of
wild turkeys.
The objective of my study was to estimate the number of genetically distinct wild 
turkey populations within Mississippi using microsatellite DNA.  I tested models for wild 
turkey population genetic differentiation: (1) the IBD model, which predicts that genetic
differentiation of wild turkeys in Mississippi would increase with increasing geographic 
distances between populations; and (2) the IBR model, which predicts that genetic
differentiation of wild turkeys in Mississippi would increase with increasing resistance
distances between populations.  I also tested the IBC model because of a history of wild 
turkey translocations in Mississippi.  The IBC predicts that spatial genetic autocorrelation 
of wild turkeys in Mississippi would decline to zero beyond the effective dispersal 
distance and that multiple genetic clusters coexist in a population or region.
Methods
Sample Collection
I collected tissue samples from hunter-harvested turkeys during the 2014 (n =
133; March 15 – May 1) and 2015 (n = 113; March 14 – May 1) wild turkey hunting
seasons.  I provided 24 wildlife biologists from state and federal agencies across 
Mississippi with tissue sample kits consisting of a pre-labeled 2-milliliter (mL)
microcentrifuge tube (Fisher Scientific Company, Hanover Park, Illinois) filled with 
100% ethanol, disposable sterile Curity suture scissors, disposable gloves, and a data 
sheet.  Biologists cut two tissue samples, each ¼-inch in diameter, from under the wing
of hunter-harvested birds using the scissors and put the samples into the 2-mL
















the sample identification (ID) number from the tube, site name, and geographic location 
coordinates (latitude and longitude) for each harvested bird.  The tissue sample tubes 
were stored at room temperature until they were transferred to a -40 degrees Celcius (°C)
ultra-cold refrigerator at the conclusion of the turkey season each year.
DNA Extraction
I extracted DNA from all samples using DNeasy Blood and Tissue kits (Qiagen, 
Inc., Valencia, CA).  I performed extractions following the manufacturer’s protocol 
(spin-column protocol) with two modifications: 1) I used 100 microliters (µl) of Buffer 
AE instead of 200 µl, and 2) I increased the second incubation time from 1 minute to 5 
minutes. 
Microsatellite Amplification and Analysis
I amplified 10 microsatellite loci in wild turkey tissue samples, including TUM50, 
WT32, TUM23, TUM6, WT30-2 (Huang et al. 1998), WT54, WT38-2, WT75, WT90-2, 
and WT10 (Latch et al. 2002).  The 25-µl amplification reactions consisted of 1 µl of 
DNA, 0.25 µl of forward primer, 0.25 µl of reverse primer, 15.25 µl of deionized H2O, 
0.25 µl of Taq DNA Polymerase (New England Biolabs, Ipswich, Massachusetts), 5 µl 
deoxynucleotide solution, 2.5 µl 10x ThermoPol Reaction Buffer, and 0.5 µl of 
CAGT56FAMPrimer.  All reactions were performed via polymerase chain reaction 
(PCRs) according to the following thermocycler conditions: 1) a 3-minute initial 
denaturation step at 95°C; 2) 40 cycles of 45 seconds at 94°C, 50 seconds at 52°C, and 1 
minute 20 seconds at 72°C; and 3) a final extension for 10 minutes at 72°C.  The



















at 95°C; 2) 10 cycles of 30 seconds at 95°C, 30 seconds at 60°C, decreasing 1°C each 
cycle to 50°C, and 30 seconds at 72°C; 3) 30 cycles of 30 seconds at 95 C, 30 seconds at 
50°C, and 30 seconds at 72°C; 4) a final extension for 10 minutes at 72°C; and 5) a 45-
minute soak at 60°C.  An ABI 3730x1 DNA Analyzer (Applied Biosystems, Inc., 
Waltham, Massachusetts) was used for separation and detection of alleles. I determined 
allele sizes for each locus using GeneMarker HID (Holland and Parson 2011).  If a
sample had >3 loci missing, I deemed the sample unusable and removed it from my
dataset (Seidel et al. 2013). 
Data Analysis
I used program GENALEX 6.4 to compute the allele frequencies, allele richness, 
observed and expected heterozygosity, and Shannon diversity index for each 
microsatellite locus (Peakall and Smouse 2006).  I used program GENEPOP (Version 
1.2) to test the HW equilibrium and LE assumptions with 50 batches and 100,000 
iterations per batch (Raymond and Rousset 1995).  I used the Bonferoni adjustment of the 
p-values in the assumption tests.
I used discriminant analysis of principal components (DAPC) to identify
population genetic subdivisions or groups implemented in the R package adegenet 
(Jombart 2010).  The DAPC method is a multivariate statistical method for population 
genetic clustering, and does not rely on the HW equilibrium and LE (Jombart et al. 2010).  
I retained a subset of PCs to account for >90% of genetic variability, and I used Bayesian 
information criterion (BIC) to determine the number of genetic subdivisions, at which the
BIC is the lowest (Jombart et al. 2010).  I used the Mantel test to confirm IBD for wild



















    
1967).  I used randomization of 999 iterations to compute the p-value of the coefficient of
the geographic distance in GENALEX.  If the coefficient of the geographic distance was 
significant (p < 0.05), I concluded that the IBD model was supported by my data.
I used the statewide habitat suitability map of wild turkeys (Chapter II) as 
conductance to compute average resistance to movement between any pair of 136 
locations of genotyped birds using the program CIRCUITSCAPE (Shah and McRae
2008).  Then, I used the Mantel test to confirm IBR for wild turkeys using between-
individual genetic distances computed by GENALEX for testing the IBD and pairwise 
resistance distances.  If the coefficient of the resistance distance was significant (p <
0.05), I concluded that the IBR model was supported by my data.
Results
After removing 25 samples (10% of the total sample) due to insufficient tissue
collection and failed loci, I had genotyped 224 samples from 2014-2015.  The number of 
alleles per locus ranged from 13 to 46 alleles.  Average observed and expected 
heterozygosities were 0.747 and 0.769, respectively (Table 4.1).  None of the 10 loci met 
the HW equilibrium assumption nor the LE assumption (p < 0.001).
The DAPC algorithm identified 6 genetic subdivisions (Figure 4.1).  The scatter 
plot suggested that the 6 genetic clusters may be further grouped into 3 subdivisions (D1: 
groups 1 and 3; D2: group 2; and D3: groups 4-6; Figure 4.2).  Still, each genetic
subdivision was spatially discontinuous (Figure 4.3).
In the Mantel test of IBD, the coefficient of log(1+d) was insignificant (p = 0.158, 
R2 = 0.001).  Likewise, I did not find support for IBR (p = 0.437, R2 = 0.000).  On the 



















birds was about 0.060 (p < 0.010) within 32 km (Figure 4.4).  Wild turkeys became 
genetically unrelated when the distance between birds was 55 km (Figure 4.4).
Discussion
Movement and gene flow may shape the genetic structure of animal populations 
(e.g., isolation by distance) (Wright 1943).  Ecological conditions and landscape structure
may facilitate or resist animal movements between populations or regions, influencing
ecological and genetic connectivity (i.e., isolation by resistance) (McRae 2006).  
Additionally, translocation of wildlife for management or conservation may alter the
genetic structures of managed populations (i.e., isolation by colonization) (Spurgin et al. 
2014).  On a local scale, social organization such as social groups, flocks, or leks may
constrain the mate accessibility and subsequently influence gene flow among social 
groups (Chesser 1991, Richardson et al. 2014).  I identified 3 genetic clusters of spring-
harvested male turkeys; however, the 3 clusters were not separate in space.  My data
supported neither the IBD nor the IBR models.  Yet, I found a spatial genetic
autocorrelation of wild turkey populations.  Spring-harvested male turkeys were
genetically related within the maximum annual dispersal distance.  Therefore, high 
mobility, social organization, and past translocations of wild turkeys may have mixed 
different genetic lineages in proximity.
Microsatellite analysis and population genetics have been used as effective tools 
in wild turkey management (Latch et al. 2006b).  I used a robust set of 10 polymorphic 
microsatellite loci to genotype spring harvested male turkeys (Table 4.1) (Latch and 
Rhodes Jr 2005, Latch et al. 2006b).  Averaged observed heterozygosity per locus was 


















Seidel et al. 2013).  Translocated wild turkey populations of multiple sources are
characterized by substantial genetic variation, high allele polymorphism, and high allele 
richness, including wild turkeys in Mississippi (Latch and Rhodes Jr 2005, Seidel et al. 
2013).  Although founder effects and genetic drift in small founder populations may
introduce a subset of the original genetic variation of each source population, multiple
translocations of different source populations or gene pools may increase the genetic
variation of the extant wild turkeys in Mississippi.  Both translocation records of past 
wild turkey restorations in the state and molecular phylogeographic studies using
mitochondrial DNA markers will help explain the genetic variation patterns and genetic
lineages of extant wild turkeys in Mississippi. 
Genetic differentiation may increase with geographic distance if restricted 
movement or gene flow occurs between translocated populations (Mock et al. 2002).  
Gene flow may obscure the genetic differences between translocated founder populations 
if organisms are long-distance dispersers, particularly in continuous, suitable habitat 
(Latch and Rhodes Jr 2005).  Translocated Merriam’s wild turkey (Meleagris gallopavo 
merriami) populations follow IBD, whereas eastern wild turkeys do not follow IBD in the 
historic species range (Mock et al. 2002).  Population genetic structure of male wild 
turkeys did not appear to be isolated by distance or resistance in Mississippi.  Wild 
turkeys, including eastern wild turkeys, are not long-distance dispersers and colonizers.  
Maximum dispersal distances range from 10 km to 20 km (Seidel et al. 2013).  Spring-
harvested male turkeys were genetically related within 32 km, with possible effective
dispersal distances of about 55 km.  The genetic signatures of source populations have






















    
after several decades of translocations (Latch and Rhodes Jr 2005, Latch et al. 2006a, 
Seidel et al. 2013).  It is possible that the mobility of eastern wild turkeys is not so strong
that gene flow results in genetic differentiation in spatially continuous populations.
Several studies have shown that wild turkey populations retained genetic
signatures of translocated source populations, and these populations of different genetic
lineages coexisted in regions without clear geographic boundaries (Latch and Rhodes Jr 
2005, Latch et al. 2006a, Seidel et al. 2013).  Environmental barriers, assortative mating, 
and matching habitat selection may also result in microgeographic adaptation and 
divergence (Chesser 1991, Richardson et al. 2014).  Microgeographic adaptation or 
divergence occurs on a spatial scale of 25-40 km, consistent with the genetic
neighborhood size and maximum effective dispersal distance (Figure 4.4) (Richardson et 
al. 2014).  Population genetic subdivisions of male turkeys had patchy or disjoint
distributions in Mississippi (Figure 4.3).  The spatial genetic correlogram also suggests
island models at a fine spatial scale (Figure 4.4).  I suggest exercising caution when 
interpreting my results.  My study did not include female samples in the genetic data.  
With polygynous mating systems and small female flocks, the establishment of maternal 
genetic lineages may also result in fine-scale genetic structure.  I suggest that future
studies use genetic data from both sexes, as well as demographic data, to better
understand the spatial genetic structure of wild turkeys in Mississippi.
Management Implications
Based on my results, there is no justification for creating different management 
units based on genetics within Mississippi.  Wild turkeys in Mississippi should be 








   
 
  
         
         
         
         
         
         
         
         
         
         









conducting further research using genetic data from female wild turkeys, along with 
demographic data (i.e., mating behavior), to better understand the possible genetic
relatedness between individuals within the 3 genetic clusters I found.  I also recommend 
collecting genetic data in the Delta region as there may be some genetic differentiation 
based on the poor suitability and potential difficulties of dispersing across the landscape. 
Tables and Figures
Table 4.1 Summary statistics for population genetics of eastern wild turkeys in 
Mississippi, USA, 2014-2015. 
Marker n Na Ne I Ho He UHe F
TUM6 222 24 7.361 2.287 0.955 0.864 0.866 -0.105
TUM23 222 27 5.478 2.210 0.739 0.817 0.819 0.096
TUM50 221 20 4.009 1.837 0.656 0.751 0.752 0.126
WT10 222 26 5.786 2.135 0.986 0.827 0.829 -0.193
WT30-2 222 46 10.692 2.857 1.000 0.906 0.909 -0.103
WT32 222 13 1.984 1.089 0.419 0.496 0.497 0.155
WT38-2 222 28 5.393 2.163 0.919 0.815 0.816 -0.128
WT54 220 25 4.168 1.864 0.482 0.760 0.762 0.366
WT75 217 18 2.785 1.494 0.535 0.641 0.642 0.166
WT90-2 221 17 5.331 1.890 0.783 0.812 0.814 0.036
n = number of samples
Na = number of alleles
Ne = number of effective alleles
I = information index
Ho = observed heterozygosity
He = expected heterozygosity
UHe = unbiased expected heterozygosity









Figure 4.1 Estimation of the number of genetic clusters (the abscissa) using Bayesian 
information criterion (BIC, the ordinate) for 224 genotyped wild turkeys in 









Figure 4.2 Scatter plot of 6 genetic clusters of 224 genotyped wild turkeys in 
Mississippi, USA.
Scatter plot represents the first 2 discriminant functions of the discriminant analysis of 
principal components (DAPC).  The inset in the lower right corner shows the first 5 








Figure 4.3 Spatial discontinuity of 3 genetic subdivisions of 139 spring-harvested 
male wild turkeys.
The 139 birds were genotyped with 10 microsatellite markers.  The 3 colors represent 3 







   
 
  
Figure 4.4 Spatial genetic autocorrelation of male wild turkeys in Mississippi, USA.
All 139 harvested male wild turkeys were genotyped with 10 microsatellite markers.  The
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Table A.1 The marginality and specialization axes (S1-S3) of 27 ecogeographical 
variables (EGVs) in the Ecological Niche Factor Analysis (ENFA) of wild
turkeys in Mississippi, USA.
EGV Mar Spe1 Spe2 Spe3
hwfq 0.344 0.100 -0.010 -0.117
pinefq 0.309 0.077 -0.157 -0.309
hwdist -0.302 -0.002 0.056 0.075
pinebd 0.287 -0.089 0.173 0.292
mixedfq 0.269 -0.064 -0.056 -0.214
hwbd 0.256 -0.095 -0.050 -0.081
mixedbd 0.254 0.046 0.019 0.264
pinedist -0.253 -0.064 0.034 0.040
cropfq -0.230 0.507 0.204 -0.018
waterfq -0.217 -0.342 0.086 -0.157
mixeddist -0.206 -0.122 -0.051 -0.011
shrubdist -0.195 -0.097 -0.025 0.059
devdist -0.192 -0.010 0.036 0.033
cropbd -0.153 -0.303 -0.036 -0.098
shrubbd 0.153 -0.194 0.148 0.029
devfq -0.133 0.409 -0.456 -0.595
grassdist -0.119 -0.080 0.046 0.034
emergewetdist -0.110 0.031 0.055 0.006
waterdist 0.109 0.239 0.008 0.046
cropdist 0.097 -0.169 0.033 -0.110
emergewetbd 0.080 0.038 0.287 -0.051
grassbd 0.071 -0.070 0.025 -0.023
shrubfq 0.061 0.204 -0.214 -0.027
waterbd -0.041 0.281 -0.077 0.044
emergewetfq -0.018 -0.021 -0.653 0.263
devbd -0.001 -0.189 0.283 0.413
grassfq -0.000 0.078 0.037 -0.147
Note: EGVs are sorted by decreasing absolute value of coefficients on the marginality factor. Signs of coefficient have no meaning on
the specialization factors.
cropbd = crop border density
cropdist = distance to crops
cropfq = crop frequency
devbd = border density of developed
devdist = distance to developed
devfq = frequency of developed
emergewetbd = border density of emergent wetlands
emergewetdist = distance to emergent wetlands
emergewetfq = frequency of emergent wetlands
grassbd = border density of grass and pasture
grassdist = distance to grass and pasture
grassfq = frequency of grass and pasture
hwbd = border density of hardwood and woody wetland
hwdist = distance to hardwood and woody wetland
hwfq = frequency of hardwood and woody wetland
mixedbd = border density of mixed hardwood/pine forest
mixeddist = distance to mixed hardwood/pine forest
mixedfq = frequency of mixed hardwood/pine forest
pinebd = border density of pine forest
pinedist = distance to pine forest
pinefq = frequency of pine forest
shrubbd = shrub/scrub border density
shrubdist = distance to shrub/scrub
shrubfq = frequency of shrub/scrub
waterbd = water border density
waterdist = distance to water














   












Table B.1 Linear models of hardwood forest class landscape-wild turkey abundance
relationships at two spatial scales in Mississippi, USA.






CPUE~PD 0.143 0.005 0.047 0.092 0.003 0.117 
CPUE~ED 0.245 0.003 0.007 0.333 0.003 0.001 
CPUE~ENN_MN 0.090 0.000 0.128 0.006 0.000 0.703 
CPUE~PLAND 0.265 0.001 0.005 0.225 0.001 0.011 
Notes: Analysis conducted on 28 Wildlife Management Areas (WMAs) in Mississippi
CPUE = catch per unit effort  
PD = patch density
ED = edge density
ENN_MN = mean Euclidean nearest neighbor
PLAND = percentage of land cover
76
